Thermal-sensitive polymers have been tested on settling, compacting or dewatering of clays or oil sand tailings. However, not much attention has been paid to explore the effect of temperature on flocculating performance using thermal-sensitive polymers. In this study, poly(NIPAM-co-DMAPMA) was synthesized and employed to investigate the flocculating and re-flocculating performance of hydrophilic and hydrophobic particles at two specific temperatures; meanwhile settling and dewatering behaviors were also investigated. The results demonstrated that good flocculating performances were achieved at both room temperature (∼23 W C) and lower critical solution temperature (45 W C). Furthermore, larger flocs were formed at 45 W C as the copolymer was added.
INTRODUCTION
High-molecular-weight polymers have been widely employed in flocculating and dewatering of fine particles in industries, especially in the fields of mineral processing, hydrometallurgy, and water treatment (Gong et Reis et al. ) . It is well known that suspended solids are flocculated by polymer macromolecule bridging, which results in faster settling and dewatering (Hogg ; Mishra & Das ) . Polyacrylamide (PAM) and its derivatives have been the most popular and extensive flocculants for tailing and slurry treatment (Besra et al. ; Pearse ) . However, the PAM-induced flocs are loosely packed (Wang et al. a; Reis et al. ) . Additionally, with conventional mechanical dewatering methods, large amounts of water still remain in the filtered cakes due to the hydrophilicity of solids and polymer molecules (Masliyah et al. ; Vedoy & Soares ) . Consequently, it is essential and desirable to design appropriate flocculants by which higher settling rate, more compacted flocs and lower moisture filtered cake can be achieved.
Recently, thermal-sensitive flocculants, due to hydrophilic to hydrophobic phase transition with temperature increase, have been widely studied in the dewatering and flotation processes (Li et al. ; Burdukova et al. a, b; O'Shea et al. ) . Usually, thermal-sensitive polymers are soluble because of their hydrophilic properties in water when the temperature is below their lower critical solution temperature (LCST), but they would become hydrophobic and insoluble when the solution temperature is above their LCST (Heskins & Guillet ; Schild ) . The hydrophilic/hydrophobic transition can be reversed by varying the solution temperature. And this transition is affected by pH, co-monomer content and composition of copolymers, but is immune to molecular weight (Fujishige et al. ; Sakohara & Nishikawa ; Sakohara et al. ; Chan ; Osborn ). Higher settling rates of flocs are obtained when poly(NIPAM) is added below LCST and the flocs are settled at a temperature above LCST (Li et al. ) . Higher molecular weight poly(NIPAM) can achieve more effective flocculation and sediment consolidation (Li et al. ; O'Shea et al. ) . The coil-globule transition during sedimentation of different suspensions can produce a large reduction in sediment volume using oppositely charged thermal-sensitive copolymers (Sakohara et al. , ) . Relatively large porous flocs can be produced by adding a cationic thermal-sensitive polymer below its LCST, and settling rates and filterability of flocs are improved when the temperature is above its LCST (Chan ). Moreover, floc size has a significant effect on settling and filtrating, and floc strength is important in floc transportation and dewatering (Hogg ) . There are enough research studies on compaction of sediment and dewatering capacity of clay or oil sands tailing using thermal-sensitive polymers. Consequently, there exists a need to examine the effects of temperature on the flocculating and re-flocculating behaviors of hydrophilic and hydrophobic solids.
In this study, a poly(NIPAM-co-DMAPMA) copolymer was synthesized in-house, and the LCST was determined. Using the copolymer, the flocculating and re-flocculating performance of silica and molybdenite solids at room temperature (RT) and LCST were investigated with focused beam reflectance measurement (FBRM). The settling and dewatering behaviors of solids were also determined at the two specific temperatures. The aims of the study were to find the effect of temperature on the flocculating, floc strength, re-flocculating, settling and dewatering of hydrophobic and hydrophilic solids using the thermal-sensitive copolymer.
EXPERIMENTAL Materials
N-Isopropylacrylamide (99 wt%, NIPAM) was purchased from Fisher Scientific, and was stabilized with 500 ppm methoxyhydroquinone.
N-[3-(Dimethylamino)propyl]methacrylamide (99 wt%, DMAPMA), N,N,N 0 ,N 0 -tetramethylethylenediamine (>99 wt%, TMAEMA), and ammonium persulphate (>98 wt %) were purchased from Sigma-Aldrich. All the materials were used as received without further purification.
Hydrochloric acid and sodium hydroxide of reagent grade were purchased from Fisher Scientific and used as pH modifiers. Deionized water (Milli-Q water), with resistivity of 18.2 MΩ, was prepared with an Elix 5 followed by a Millipore-UV Plus water purification system (Millipore Inc., Canada). Poly(NIPAM-co-DMAPMA) was synthesized in 20 hours in-house from NIPAM (95 mol%) and DMAPMA (5 mol%) and was purified using procedures that were described elsewhere (Sakohara & Nishikawa ; Chan ; Liu et al. ; Osborn ). The viscosity measurement was carried out using an Ubbelohde viscometer (Cannon 75-J953, Fisher Scientific). The copolymer, poly(NIPAM-co-DMAPMA), was dissolved in tetrahydrofuran at 27 W C, and the viscosities were measured using five different copolymer concentrations. The molecular weight of the copolymer was determined at 27 W C using the Mark-Houwink equation:
where M υ denotes the viscosity average molecular weight, K and α being constants for a given polymer/solvent/temperature system. The values of K and α used in this study are 9.59 × 10 À3 and 0.65 respectively (Chan ; Osborn ).
The viscosity average molecular weight was determined to be 6.25 × 10 6 g/mol. Copolymer stock solution of 1,000 ppm concentration was prepared in a 30 mL glass bottle, and was stirred overnight at 400 rpm before use. A copolymer dosage of 100 g/t (g (copolymer)/ton (solids)) was used for all experiments, unless otherwise stated. Silica and molybdenite used in this study are representative natural hydrophilic and hydrophobic particles, respectively. The silica was obtained from U.S. Silica. X-ray fluorescence analysis indicated that it contains 99.0 wt% SiO 2 . The molybdenite was purchased from Kunming, China, as high grade small pieces. The XRD (X-ray diffraction) pattern of the samples showed that all of the peaks belonged to molybdenite, and there was no impurity over 5 wt% grade in the sample. A pulverizer was used to finely grind the sample, followed by screening to obtain the sample with À38 μm.
Methods

Silica and molybdenite suspension preparation
The silica suspensions used in the settling and dewatering experiments were prepared with 10 wt% of silica suspended in deionized water, while the silica suspensions for the flocculating experiments were prepared with 2 wt% of silica.
Molybdenite suspensions used in the dewatering experiments were prepared with 10 wt% of molybdenite, and the molybdenite suspensions for the flocculating and settling experiments were prepared with 2 wt% of molybdenite. All the suspensions were stirred with a magnetic stir bar at 600 rpm overnight, and were adjusted to neutral pH (pH ¼ 7) for the following flocculating, settling and dewatering experiments.
The cumulative particle size distributions of silica and molybdenite particles were measured by FBRM (Mettler Toledo, USA). D 50 , denoting the particle chord length when the cumulative volume is up to 50%, was used to evaluate the particle size in the study. In general, chord length is not equal to the true particle diameter but a representation of the particle size, shape and optical properties (Chen et al. ) . As shown in Figure 1 , the D 50 of silica and molybdenite used in this study was 22.1 μm and 27.5 μm, respectively.
Flocculation measurement
FBRM is a powerful and useful technique to provide particle size distributions and changes in situ and in real-time ( . A laser source in the FBRM probe, which is fixed on the edge of a rotator, focuses into the suspensions and generates a 791.8 nm wavelength laser. Some lights are reflected back into the probe and are detected by a photodiode when the laser beam encounters the surface of particles. And the duration of this reflected pulse is converted to chord length of particles in real-time to monitor the size changes as the experiment proceeds (Alfano et al. ; Blanco et al. ) . Prior to the measurement, the FBRM probe window must be thoroughly cleaned using deionized water or acetone, and the background counts detected in deionized water must be less than 150/s. When the probe is cleaned enough, the FBRM probe can be immersed in suspensions. Conditioning at 300 rpm is employed to prevent settling of solids during the measurement. In this study, the flocculating dynamics of silica and molybdenite suspensions were investigated using FBRM. The data began to be recorded when stable data of silica or molybdenite sizes were obtained. Five minutes later, 100 g/t copolymer was added, and the particles were flocculated immediately. The suspension was conditioned for 10 min at 300 rpm for flocculation determination. Then 600 rpm conditioning was set for a further 3 min for floc strength monitoring. Lastly the stirring speed was reset at 300 rpm for 3 min for re-flocculating. A water bath was used to maintain the temperature of suspensions.
Settling and dewatering measurement
The suspensions were agitated by a magnetic agitator at 600 rpm at the targeted temperature in a 250 mL beaker. After 2 min, 100 g/t copolymer was added in the suspensions by a micropipette, and the stirring speed was turned down to 300 rpm for 2 min conditioning. Then, the suspension was gently transferred into a 100 mL cylinder. The cylinder was turned upside down 10 times and left for settling in a water bath at the targeted settling temperature. During the settling, the height of the mud-line and time was recorded, and a settling curve was plotted using normalized mud-line level as a function of settling time. As shown in Figure 2 , the initial slopes were taken as initial settling rates for comparison of settling performance. Suspension with no settling yields a normalized mud-line level of unity, i.e., a horizontal line at h/H ¼ 1.0, and the H of cylinder is 18.50 cm.
A filter apparatus (LPLT3000, Fann Instrument Company) shown in Figure 3 was used to monitor the dewatering process. The suspension was conditioned at 600 rpm. Two minutes later, 100 g/t copolymer was added with a micropipette at a targeted mixing temperature. After the addition of copolymer, conditioning was continued for 2 min at 300 rpm. Then, the suspension was transferred into a filter apparatus of 45.8 cm 2 filtration area and the filtration test was conducted under 15 psi (103.4 kPa). Special hardened filter paper with wet strength of 75 psi (517.1 kPa) and particle size retention of 2-5 µm (3.5 inch in diameter, 100% cotton) was used. The filtrated water weight was determined by an electronic balance interfaced with a computer as the filtration time increased.
Turbidity measurement
Thermal-sensitive polymers would shrink into hydrophobic globules above LCST (Li et al. ; Chan ). As a result, the polymer solution appears cloudy. A turbidimeter (HF Scientific DRT-15CE portable turbidimeter, Fisher Scientific) was introduced to measure the turbidity of 1,000 ppm copolymer solution at pH 7.0 with the temperature increase. A water bath was used to increase the copolymer solution temperature.
Adsorption measurement
Adsorption of poly(NIPAM-co-DMAPMA) onto the silica and molybdenite surfaces was determined by depletion technique (Li et al. ) . Suspensions of 2 wt % with 1,000 g/t poly(NIPAM-co-DMAPMA) were stirred overnight with 300 rpm for sufficient adsorption of the copolymer by solids. A water bath was used to maintain the temperature of suspensions. Then the suspensions were centrifuged at 10,000 rpm for 25 min to obtain the supernatant at two specific temperatures. The residual concentration of copolymer in the supernatant was measured by determining the total organic carbon (Shimadzu, Japan).
Performance evaluation
The flocculation was analyzed using the following indexes: flocculating index (F I ), floc strength (F S ), and re-flocculating index (R I ). Equations (2)- (4) were used to calculate the maximum flocculating index, floc strength, and re-flocculating index, respectively.
where d 50 max refers to the maximum floc size after the copolymer addition, and d 50 initial is the initial particle size before the copolymer addition.
where d 50 2 refers to the floc size after de-flocculating, and d 50 1 is the floc size before de-flocculating (Liang et al. ) . 
RESULTS
Turbidity results of the copolymer Figure 4 shows the turbidities of 1,000 ppm copolymer solutions at pH 7.0 as the temperature rises. There was a significant increase in solution turbidity when the temperature was above 35 W C, and the turbidities of the copolymer solution remained stable when the temperature was above 45 W C. It indicated that phase transition from hydrophilicity to hydrophobicity was achieved using the synthesized copolymer. And the LCST of the copolymer was 45 W C at pH 7.0.
So in the following experiments the RT and LCST were ∼23 W C and 45 W C, respectively.
Flocculating results of silica and molybdenite particles
The synthesized copolymer was used to flocculate silica and molybdenite particles in deionized water at ∼23 W C and 45 W C. Figure 5(a) shows the size changes of silica with the addition of copolymer at different stirring speeds and temperatures. Upon adding 100 g/t copolymer to the silica suspensions, the particle size increased rapidly within a very short time and reached the maximum size value at either ∼23 W C or 45 W C. A gradual decrease of floc size at ∼23 W C with a further increase in time (from 300 s to 900 s) indicated the breakage of loosely packed and fragile flocs. However, there was no remarkable change in the floc size at 45 W C. When the flocs were submitted to a higher stirring speed (600 rpm), their size rapidly decreased both at ∼23 W C and 45 W C because of the higher shear forces.
When the stirring speed was reset at 300 rpm, there was only a slight increase in silica flocs at ∼23 W C while a much greater increase occurred at 45 W C. Thus it can be concluded that the temperature of suspensions has a prominent effect on the floc strength and re-flocculating ability of silica particles with the thermal-sensitive copolymer addition. Particle or floc sizes of silica at the specific experiment time are shown in Table 1 . Using the data, F I , F S1 , F S2 and R I of silica particles in the flocculating experiment were calculated, and are shown in re-flocculating efficiency increased remarkably when molybdenite was soaked in deionized water with the thermalsensitive copolymer addition at 45 W C. The most intriguing observation was that the re-flocculating floc size after 1,080 s was bigger than that at 900 s, which indicated that there was a better re-flocculating capacity for molybdenite than for silica, using the thermal-sensitive copolymer at 45 W C. Table 3 shows particle or floc size data at specific experiment time. Using the data in Table 3 , F I , F S1 , F S2 , and R I of molybdenite were calculated, and are shown in Table 4 . The maximum floc size, F I , F S1 and R I increased markedly when the suspension temperature was at 45 W C. The magnitude of the flocculating index and re-flocculating index of molybdenite was much larger than that of silica. Therefore, there was a more significant effect of temperature increase to 45 W C on the flocculation of molybdenite than that of silica.
Settling and dewatering results of silica and molybdenite Comparatively, the initial settling rate of molybdenite increased significantly from 19.52 m/h to 32.49 m/h. As can be deduced, temperature increase to 45 W C, with the thermal-sensitive copolymer addition, had a more significant effect on the settling rate of molybdenite than that of silica.
An improvement of dewatering of silica and molybdenite suspensions at 45 W C is shown in Figure 7 . The initial dewatering rate of silica flocs increased from 5.84 g/s at ∼23 W C to 6.21 g/s at 45 W C. And, comparatively, the initial dewatering rate of molybdenite suspensions increased from 5.72 g/s to 6.67 g/s. As can be concluded, temperature increase to 45 W C, with the thermal-sensitive copolymer addition, had a more significant effect on the dewatering rate of molybdenite than that of silica.
The results in Figure 8 show a significant improvement in reducing cake moisture with the copolymer at 45 W C. 
DISCUSSION
The results presented above clearly demonstrated that silica and molybdenite particles at 45 W C had better performance than at ∼23 W C in flocculating efficiency, floc strength and re-flocculating ability. There was a phase transition of poly(PNIPAM-co-DMAPMA) from hydrophilicity to hydrophobicity as the solution temperature increased. Figure 9 conceptualizes the conformation changes of the copolymer at below and above LCST. When the temperature is at or above the LCST, the hydrogen bonds form between the water and hydrogen atoms of the amide groups, and the oxygen atoms of the carbonyl groups in NIPAM are broken and replaced by the intra-and intermolecular hydrogen bonds formed between the amide F S1 is used to evaluate the floc strength after 600 s conditioning at 300 rpm; F S2 is used to evaluate the floc strength after 3 min conditioning at 600 rpm. R I is employed to evaluate the re-flocculating index of flocs after 3 min conditioning at 600 rpm. D50 initial refers to the particle size before copolymer addition; D50 max denotes the maximum floc size after copolymer addition; D 50 D1 refers to the floc size at 900 s; D 50 D2 denotes the floc size at 1,080 s. D 50 R refers to the floc size at 1,260 s. groups and carbonyl groups. The hydrophilic groups are wrapped, and the hydrophobic backbone and methyl groups of the NIPAM are exposed in the solution. Thus, the copolymer becomes hydrophobic, and this leads to the turbidity transition of copolymer solution with heating. As shown in Figure 10 , adsorption amount of copolymer on silica and molybdenite surfaces was significantly improved at 45 W C. A similar conclusion has been obtained using QCM-D (quartz crystal microbalance with dissipation) (Osborn ) . The adsorbed amount of the thermal-sensitive copolymer increased as the temperature rose. At RT, the hydrogen bonds, electrostatic forces, and Van der Waals interactions drive the copolymer to adsorb onto the silica and molybdenite surfaces. The surfaces of particles become more hydrophobic when they are covered with poly(NIPAMco-DMAPMA) at or above LCST (Liu et al. ) . This could result in much higher attraction forces between particles and copolymer molecules (Li et al. ; Ishida & Biggs ) . Moreover, the hydrogen bonds formed by hydrogen atoms of the amide groups in DMAPMA with the mineral surface, together with electrostatic forces, also drive the copolymer to adsorb. Thus, the adsorption amount of copolymer onto solid surfaces increased at 45 W C.
It has been found that there are much stronger adhesion forces measured using atomic force microscopy between kaolin or alumina particles exposed to the poly(NIPAM) solution above LCST, which is beneficial to improve the interactions between particles (Li et al. ; Burdukova et al. ) . Moreover, a larger amount of copolymer adsorbed on the solid surface could accelerate flocculating. Thus, the flocs were larger when the silica and molybdenite particles were immersed in the solutions at 45
W C with addition of the copolymer. Mechanical strength of the floc depends on both the inter-particle forces and how the particles are packed. Stronger bonding forces between the particles can induce the greater floc strength ( Jarvis et al. ) . The stronger adhesion forces could offset some damage forces at 300 rpm. Thus the floc strength of silica and molybdenite increased when the flocs were conditioned at 300 rpm for 10 min at 45 W C. However, larger flocs are sensitive to shear forces, due to the much weaker points and looser composition ( Jarvis et al. ; Rasteiro et al. ) . When the stirring speed increased to 600 rpm, the adhesion forces could not offset the increased shear forces, and the size of large flocs decreased steeply. Thus there was lower floc strength (F s2 ) at 45 W C with 600 rpm stirring, due to larger floc size, and the differentials of the floc strength (F s2 ) at RT and LCST were negative. Due to the natural hydrophobic property of molybdenite, there were much stronger adhesion forces between flocculated molybdenite particles than between flocculated silica particles. Therefore, the flocs of molybdenite were much stronger than those of silica at 600 rpm conditioning for 3 min. Furthermore, stronger adhesion forces between particles can also improve the re-flocculating ability of flocs (Jarvis et al. ). The adsorption of polymer on hydrophobic particles could decrease the hydrophobicity at RT due to the hydrophilic character of the polymer (Zou et al. ) . However, the hydrophobicity of molybdenite particles adsorbing the copolymer was reconstituted to some extent when the suspensions were at 45 W C. Thus the re-flocculating ability increased to some extent at 45 W C. After 3 min conditioning at 600 rpm, the stronger adhesion forces allowed the molybdenite flocs to regrow to a size similar to that before the conditioning at 600 rpm. In all, the copolymer could achieve better performance in flocculation, floc strength and re-flocculating ability for hydrophobic particles than for hydrophilic particles at 45 W C.
According to Stokes' law, floc size and kinematic viscosity of fluid have a significant effect on the settling of flocs (Renganathan et al. ; Hogg ; Heath et al. ). Larger flocs formed at 45 W C with the addition of the copolymer improved the settling rates. Furthermore, the viscosity of 10 ppm copolymer solution decreased from 1.37 mPa·s at ∼23 W C to 0.97 mPa·s at 45 W C, which proved that the temperature increase to 45 W C decreased the solution viscosity. Thus the settling rates of flocs were improved at 45 W C with addition of the copolymer. Moreover, larger flocs can help to build microchannels inside the cake and hence to increase the water passing rate through the cake in the filter press (Hogg ). Thus, larger flocs formed at 45 W C contributed to the higher dewatering rate. Additionally, the decrease in cake moisture has been quantified by using Laplace-Young equation:
where ΔP is the pressure differential required for dewatering, γ is the liquid surface tension, θ is the solid-liquid contact angle, and r is the capillary radius of the pores in filter cake formed by particle packing (Besra et al. ) . A more hydrophobic surface and lower surface tension could improve water release from the particle surface ( 
CONCLUSIONS
In this study, a thermal-sensitive copolymer, poly(NIPAMco-DMAPMA), containing 95 mol% NIPAM and 5 mol% DMAPMA was synthesized, and was employed in the flocculating, settling and dewatering of hydrophobic and hydrophilic particles at RT and LCST. The LCST of poly(NIPAM-co-DMAPMA) was 45 W C determined at pH 7.0. The copolymer showed a good flocculating ability for silica and molybdenite particles at RT. When the particles were suspended in 45 W C solutions, larger floc size, stronger flocs and higher re-flocculating ability of the two minerals were obtained. When the surfaces of mineral particles were covered with poly(NIPAM-co-DMAPMA) at 45 W C, the particle surfaces became more hydrophobic than those at ∼23 W C, which provided stronger adhesion forces between particles. Moreover there was larger adsorption amount of copolymer onto particle surfaces at 45 W C. Thus the flocculating efficiency, floc strength and re-flocculating ability were increased prominently. In addition, settling and dewatering rates of suspensions were also improved, and the moisture of filtered cakes was reduced.
